cDNA clones for the periplasmic carbonic anhydrase (CA; carbonate hydro-lyase, EC 4.2.1.1) of Chlamydomonas reinhardii cells were isolated and characterized. The fact that the cloned cDNA fragments encoded a 377-amino acid polypeptide (41,626 Da) consisting of an NH2-terminal hydrophobic signal peptide of 20 amino acids, a large (35,603 Da) subunit polypeptide, and a small (4144 Da) subunit polypeptide indicates that the two subunits are cotranslated as a precursor polypeptide. The amino acid sequence of mature subunits deduced from the nucleotide sequence showed 20-22% homology with human CA isozymes (CAI, CAH, and CAM). Three zinc-liganded histidine residues and those forming a hydrogenbond network to zinc-bound solvent molecules were highly conserved in the plant and animal enzymes. Three possible asparagine-linked glycosylation sites were found in the large subunit. Northern blot analysis was carried out using the cDNA fragment as a probe. The level of 2.0-kilobase CA mRNA increased within 1 hr when CO2 concentration of the bubbling gas was changed from 5% to 0.04% (air level) in the presence of light. On the other hand, CA mRNA did not accumulate when CO2 concentration was lowered in the dark.
to 37-kDa glycoprotein (9, 10) . This increase of the CA polypeptide-was regulated at a level prior to translation (9, 11) , and a 42-kDa precursor polypeptide was identified by in vivo pulse-chase experiments (12) . Recently a small polypeptide of 4 kDa was found in the purified CA holoenzyme in addition to the 35-to 37-kDa polypeptide, and the subunit constitution was postulated to be a heterotetramer consisting of two large and two small subunits (T. Kamo, K. Shimogawara, H.F., S. Muto, and S.M., unpublished data).
In animals, seven isozymes of CA (CAI-CAVII) are grouped according to their cellular distribution and biological function (13) . The human isozymes, CAI, CAII, and CAIII, have been characterized at the nucleotide sequence level to have a Mr of about 30,000 with one zinc atom at the active sites (14) (15) (16) . Three-dimensional structures of human CAI and CAII were determined by x-ray crystallography and essential amino acid residues for conformation of the enzyme have been depicted (13, 17) .
In this paper, we report the isolation and characterization of cDNA clones for periplasmic CA from C. reinhardtii.t By amino acid sequence comparison with human isozymes, essential amino acid residues for its enzyme activity are predicted. Furthermore, regulation of its biosynthesis, which responds to changes in environmental CO2 concentration and light, is discussed based on Northern blot analysis.
Microalgae grown with 0.04% CO2 (air level) show a higher affinity for inorganic carbon in photosynthesis than those grown at a high level of CO2 (1-5%). This higher affinity has been accounted for by carbonic anhydrase (CA; carbonate hydro-lyase, EC 4.2.1.1) and putative CO2 concentrating mechanisms (1) . CA is a widely distributed zinc metalloenzyme that catalyzes the reversible hydration of CO2. In photoautotrophically grown Chlamydomonas reinhardtii CA activity is mainly located in the periplasmic area (2) and increases in response to a decrease of environmental CO2 concentration (3) . Induction of CA activity requires light in addition to a decrease in CO2 concentration during growth (4, 5) . In Chlorella vulgaris llh cells the light intensity, which compensates respiration, saturated the induction of CA activity. Inhibition of photosynthesis by 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) did not affect the induction, indicating that photosynthesis was not required (6) . On the other hand, photosynthetic and nonphotosynthetic light were required for the induction of CA activity in C. reinhardtii (7) . In the nonphotosynthetic light, blue light was effective for the induction (8) . The increase of enzyme activity was due to an increase in the amount of the CA polypeptide, which is a 35-MATERIALS AND METHODS Cells and Culture Conditions. Wild-type cells of C. reinhardtii Dangeard C-9 mt-were cultured as described (7) with constant bubbling of air containing 5% CO2 to obtain high-CO2 cells or ordinary air (0.04% C02) to obtain low-CO2 cells under continuous illumination. In the CA induction experiments, the concentration of CO2 was reduced from 5% to 0.04%.
Enzyme Purification and Amino Acid Sequencing. CA was purified from low-CO2 cells by inhibitor-conjugated affinity chromatography (10) . Purified by using peptide sequencer (477A/120A; Applied Biosystems). Screening and Nucleotide Sequence Analysis of cDNA Clones. RNA isolation and purification of poly(A)+ RNA were performed as described (18) . cDNA was synthesized by the method of Gubler and Hoffman (19) and cloned into AgtlO.
Two oligonucleotide probes, Pr68 and Pr56, were synthesized based on the most probable codons in Chlamydomonas genes (20) using a DNA synthesizer (380B; Applied Biosystems) and then terminally labeled by [y-_32P]ATP by T4 polynucleotide kinase. The sequence of Pr68, 5'-TCGGTG-GTGGAGTGGAAGTGGAACTGGGTGGGGACGGCGG-TGACGCGGTCGGCGGCGTCGTTGGGGCG-3', was complementary to a putative mRNA sequence encoding a part of CNBr-cleaved peptide fragment, Arg-Pro-Asn-Asp-AlaAla-Asp-Arg-Val-Thr-Ala-Val-Pro-Thr-Gln-Phe-His-PheHis-Ser-Thr-Thr-Glu, derived from the large subunit. The sequence of Pr56, 5'-GTGCGGCCGTTGGCGTACTG-GGGGTTGCGGAAGTTCTGGCCGAAGGCCACGGCC-TT-3', was complementary to a putative mRNA sequence encoding a part of the small subunit (Lys-Ala-Val-Ala-PheGly-Gln-Asn-Phe-Arg-Asn-Pro-Gln-Tyr-Ala-Asn-Gly-ArgThr).
Plaque hybridization was carried out using nylon membrane (Hybond-N; Amersham) in a solution containing 50%o formamide, 6x SSC (lx SSC = 0.15 M NaCl/15 mM sodium citrate), 5x Denhardt's solution (0.02% bovine serum albumin/0.02% Ficoll/0.02% polyvinylpyrrolidone), 0.1% SDS, and 100 ug of salmon sperm DNA per ml at 37'C for 12 hr and then washed by 0.1x SSC/0.1% SDS at 650C for 3 hr (18).
Isolated cDNA fragments were subcloned into phages M13mp18 and M13mp19 and sequenced (21) .
RNA Blot Hybridization. Ten micrograms (each) of total RNA was electrophoresed in formaldehyde-containing 1% agarose gels (18) , capillary blotted to the nylon membrane (Zeta-probe; Bio-Rad), and probed by nick-translated 32p_ labeled cDNA fragment (22) . RNA ladder (BRL) was used as size markers.
In Viftr Transcription and Translation. The EcoRI-ended cDNA fragment in AgtlO phage vector was transferred into the plasmid pBluescript II SK(+) (Stratagene) in a correct orientation for its expression and designated as pCABS-3. The plasmid pCABS-3 was linearized by Sma I and transcribed by T7 RNA polymerase. Generated RNA was translated by rabbit reticulocyte lysate in the presence of [35S]-methionine. Translation products were precipitated by antideglycosylated CA antiserum and electrophoresed in 12.5% SDS/PAGE followed by fluorography. As molecular size standard, 14C-labeled rainbow marker (Amersham) was used.
RESULTS AND DISCUSSION
Isolation and Characterization of CA cDNA. Chlamydomonas CA purified by affinity chromatography and anionexchange HPLC consisted of large and small subunits of 35 kDa and 4 kDa (T. Kamo, K. Shimogawara, H.F., S. Muto, and S.M., unpublished data). The CNBr-cleaved peptide fragment derived from the large subunit contained an amino acid sequence, -Gln-Phe-His-Phe-His-, that was conserved in mammalian CA isozymes. Two histidine residues in this region have been shown to be zinc-liganded residues by x-ray crystallography of human CAI and CAII (13, 17) . The small subunit also had significant sequence homology with COOHterminal regions of mammalian CA polypeptides.
A AgtlO cDNA library was constructed using poly(A)+ RNA from 2-hr air-adapted Chiamydomonas cells. The CA activity was induced during this adaptation period (7) . First, the cDNA library, containing 5 x 105 recombinant phages, was screened by 32P-labeled oligonucleotide Pr68 (see Materials and Methods), and 11 independent cDNA clones were obtained. Second, the reprobe test with the same filters and 32P-labeled oligonucleotide Pr56 showed that all of these clones hybridized to Pr56. The 11 cDNA clones, therefore, were assumed to encode the large and small subunits. The insert EcoRJ fragments of positive clones were 1.5-2.0 kb in length. Restriction analysis of these cDNA clones revealed that all of the isolated clones were derived from one kind of mRNA species. Two of the cDNA clones having the longest inserts, designated as gtCAl and gtCA3, were used for further analysis.
To verify whether these cDNA clones encode CA polypeptides and to determine the complete amino acid sequence of CA, internal cDNA fragments were sequenced on both strands. Analysis of the nucleotide sequence of the cDNA insert in gtCA3 revealed that it consists of a 30-base-pair (bp) 5 ' untranslated region, a 1131-bp coding sequence encoding 377 amino acid residues, a 790-bp 3' untranslated region, and a 21-bp poly(A) segment (Fig. 1) . The Fig. 1 ) and a 11-bp poly(A) tail.
The first ATG codon at the 31th nucleotide, which was numbered as + 1, was assumed to be the translation initiation codon. This conclusion was based on the following observations: (i) no other in-frame ATG codon was found upstream from the NH2-terminal cysteine residue of the large subunit polypeptide, (ii) the nucleotide sequence ACACC upstream from the first triplet ATG codon matched with the consensus sequence CC(A/G)CC for eukaryotic initiation sites predicted by Kozak (23) , and (iii) the molecular mass of the in vitro transcription-translation product (41 kDa) from gtCA3 cDNA fragment, which was immunoreactive with antideglycosylated CA antibody, was comparable to that of the in vitro translation product from C. reinhardtii poly(A)+ RNA (data not shown).
Highly restricted codon usage in the coding sequence for Chlamydomonas CA and an extremely long 3' untranslated region of 790 bp were observed in the isolated cDNA fragment, as have been reported in many other Chlamydomonas genes (20 targets the premature enzyme to the endoplasmic reticulum.
AACTACGCCGGCCATGCCACCATCGCCATCCCTGCCATGCACAACCAGACCAACCGCATCGTGGACGTGCTGGAGATGCGCCCCAACGACGCCGCCGACCGCGTGACTGCCGTGCCCAC C N Y A G H A T I A I P A M H [R Q T N R I V D V L E M R P N D A A D R V T A V P T CAGTTCCACTTCCACTCCACCTCGGAGCACCTGCTGGCGGGCMAGATCTATCCCCTTGAGTTGCACATTGTGCACCAGGTGACTGAGAAGCTGGAGGCCTGCAAGGGCGGCTGCTTCAGC Q F H F H S T S E H L L
A G K I Y P L E L H I V H Q V T E K L E A C K G G C F S GTCACCGGCATCCTGTTCCAGCTCGACAACGGCCCCGATAACGAGCTGCTTGAGCCCATCTTTGCGAACATGCCCTCGCGCGAGGGCACCTTCAGCAACCTGCCGGCGGGCACCACCATC V T G I L F Q L D N G P D N E L L E P I F A N M P S R E GK L G E L L P S D R D Y V T Y E G S L T T P P C S E G L L W H V M T Q P Q R I S 280 841 TTCGGC"AGTGGAACCGCTACCGCCTGGCTGTGGGCCTGAAGGAGTGCAACTCCACGGAGACCGCCGCGGACGCCGGCCACCACCACCACCACCGCCGCCTGCTGCACAACCACGCGCAC 281 F G Q W N R Y R L A V G L K E C
ff S T E T A A D A G H H H H H R R L L H N H A H 96 1 CTGGAGGAGGTGCCTGCCGCCACCTCCGAGCCCMAGCACTACTTCCGCCGCGTGATGCTGGCCGAGTCCGCGAACCCCGATGCCTACACCTGCAAGGCCGTTGCCTTTGGCCAGAACTTC 321 L E E V P A A T S E P K H Y F R R V M LAA E S A N P D A Y T C K
In the cDNA encoding Chlamydomonas periplasmic arylsulfatase, the hydrophobic signal sequence of 21 amino acid residues has also been reported (24) . Since the NH2-terminal residue (alanine) of the small subunit is located at the 341st residue of the polypeptide encoded by the cDNA, the small subunit is produced by proteolytic cleavage of a precursor polypeptide with a calculated mass of 41,626 Da. The cotranslational expression of the large and small subunits coincides with the model of subunit constitution that the holoenzyme is a heterotetramer consisting of two large and two small subunits (T. Kamo, K. Shimogawara, H.F., S. Muto, and S.M., unpublished data). The mass of the large subunit (35,603 Da) predicted from the cDNA sequence was larger than that of the chemically deglycosylated enzyme (32,000 Da) (12) . This difference may be accounted for by the possibility that some amino acid residues were removed from the COOH-terminal region of the predicted large subunit polypeptide during maturation of the enzyme or that the molecular weight reported by Toguri et al. (12) was underestimated. Determination of the COOHterminal residue of the native large subunit should clarify this discordance. Three potential asparagine-linked glycosylation sites, Asn-Xaa-Thr/Ser (25) , were localized at Asn-101, Asn-135, and Asn-297 in the deduced amino acid sequence of the large subunit.
Chlamydomonas CA had sequence homology with human CA isozymes CAI, CAII, and CAIII of 20.4%, 21.8%, and 20.7%, respectively (Fig. 2) . Three zinc-liganded histidine residues (His-94, His-96, and His-119; based on CAI numbering) and those forming the hydrogen-bond network to zinc-bound solvent molecules predicted by x-ray crystallography of human CAI and CAII (Ser-29, His-64, Gln-92, Glu-106, His-107, Glu-117, Tyr-194, Thr-199, Trp-209, Asn-244 and Arg-246; based on CAI numbering) were conserved in Chlamydomonas CA, except for 3 or 2 amino acid residues found in human isozymes (Tyr-7, His-67, and His-200 in CAI;
Tyr-6 and Asn-66 in CAII). Because the 4-kDa small subunit of Chlamydomonas CA has 2 amino acid residues (Asn-359 and Arg-361) essential for zinc folding, the small subunit is probably located near the active site in the holoenzyme. Aside from these amino acid residues, 39 other amino acid residues were also conserved in Chlamydomonas and human isozymes. It is possible that these conserved residues are important in catalytic activity or in forming functional conformation of the enzyme.
The present results showed that two subunits of Chlamydomonas CA shared significant sequence homology with human CA isozymes and that the two CA subunits are cotranslated from a single transcript, generating a single, large polypeptide that is processed posttranslationally to generate the two subunits. Thus, it appears that Chlamydomonas CA probably shares a common ancestry with the human CA isozymes but that the Chlamydomonas CA has acquired a posttranslational processing step to split the protein into two subunits in its evolution.
Northern Blot Analysis of CA Transcript. To determine the effect of environmental CO2 concentration and light on the regulation of abundance of the CA transcript, steady-state mRNA levels were monitored by Northern hybridization using 32P-labeled cDNA fragment as a probe.
When high-CO2 cells were transferred to the low-CO2 condition (air) in light, the level of CA mRNA increased within 1 hr and reached a maximum after 2 hr (Fig. 3A) . In contrast, when low-CO2 cells were aerated with C02-enriched air (5%), the mRNA level decreased within 1 hr (Fig.  3B) . On the other hand, CA mRNA did not accumulate when high-CO2 cells were transferred to the low-CO2 condition in the dark (lane 12) . Similarly, addition of 10 ,M DCMU to inhibit photosynthetic electron flow completely inhibited accumulation of the mRNA (lane 13 
